Abstract. It is designed a Fast Tool Servo (FTS) device which based on piezoelectric ceramic and jointed by flexible hinge. The flexible hinge has been analyzed and optimized both by the theoretical calculation and finite element analysis; and it has been physically manufactured and tested by means of pressure sensor and laser interferometer. The stiffness model was established. The driving voltage and displacement relationship has been revealed. The results indicate that this FTS system can reach a travel range for 60µm, the frequency response precedes 150Hz within 39µm travel range.
Introduction
The purpose of this study is to design and development a fast tool servo system FTS driven by piezoelectric ceramic, which meets requirements of microstructure processing performance, so is to realize the processing for the complex surface form of optical element.
FTS Structure Design and Analysis
FTS Structure Design. The FTS structure presented by this paper is shown in fig.1 , it is including: tool 1, flexible hinge 2, piezoelectric ceramic actuator 3, and pre-tightening bolt 4. The piezoelectric ceramic linked moving part, so as providing power to the tool. Through adjusting the bolt to implement pre-tightening force on piezoelectric ceramic. Flexible Hinge Design. Flexible hinge is used to provide limited angular displacement. It is presented a parallel structure supported by flexible hinge, as shown in fig.2 . Eight pieces of the same size flexible hinges are assembled into a symmetrical parallelogram structure, so the displacement of piezoelectric ceramic can be passed along the y direction in the straight way.
Stiffness is an important parameter of the flexure hinge, the flexure hinge geometrical parameters as shown in fig.3 , b is hinge thickness, t is minimum width, R is notch radius. The stiffness around the Z axis is a leading stiffness parameters. One end of the flexible hinge is fixed, the torque Mz is placed on the other end, it makes the flexible hinge produce rotation that angle is α around Z axis, the rotation stiffness [3] In which, E is modulus of elasticity, s=R/t. In this design, the structure parameters of flexible hinge are as follows: The notch radius R=2mm, width t=1mm, thickness b=24mm, E=190000Mpa. According to the formula (1), the single rotation stiffness of the flexure hinge can be: K′=243.67N·m/rad Overall Stiffness As shown in fig.4 , F is driving force, the displacement of the mechanism is Y, rotation displacement of the hinge is α, a single hinge rotation stiffness is K', the following formula can be concluded:
（2）
Due to the rotational displacement α is small enough, approximation α can be:
（3）
Displacement α is small enough, the deformation of flexible hinges are also very small, stretching effect is ignored in the calculation, the stiffness of the mechanism in y direction can be obtained:
（4）
Since K′=243.67N·m/ rad, according to the design size, l = 24 mm, the overall stiffness of the mechanism in Y direction can be:
（5）
The Finite Element Analysis of the Performance. In order to ensure that the designed flexible hinge can meet the design requirements, after the structure has been designed, ANSYS software has been used for finite element analysis of mechanical performance, providing support for the determination of size parameters and optimization. Fig.5 is the schematic diagram of finite element modeling carried out on the flexible hinge. In order to reduce the difficulty of the meshing, shorten the processing time, and improve the efficiency of the analysis, the finite element model has been simplified: some elements has been omitted that shall not been taken into consideration when analysis, such as threaded hole, tool mounting holes, etc. The reason for the simplify is due to the tool driven by force, the deformation of flexible hinges makes the tool produces linear displacement in Y direction, and the fixed frame part will not deformation. In the same way, when meshing the model, the key parts of the flexible hinge must be separated by the working plane, and this part is divided into a more dense unit by scanning mode.
Stiffness Analysis. After boundary constraint is set and load is applied on finite element model, it can be calculated. For this structure, the frame is fixed, displacement S=60µm is load in piezoelectric ceramics in Y direction that represents the tool feed 60 microns (as shown in fig.6 ), then it can processed the calculation.
Advanced Design and Manufacturing Technology IV
Through finite element analysis and calculation, the force that the tool needed and the stress that flexible hinge produced in the Y direction and displacement is 60 microns can be obtained. From ANSYS finite element analysis of fig.7 to fig.9 , results is in From the above data, it can be known that if the tool is 60µm feeding forward, the force will be 214.5 N. According to the stiffness calculation formula:
（6）
The overall stiffness can be calculated Ka=3.575N/µm. The theory overall stiffness above has been calculated ' y K =3.384N/µm, there is certain stiffness error between theoretical calculation and the finite element analysis, the error is 5.3%.
Stress Analysis. The output displacement depended mainly on the deformation of flexible hinge, the biggest stress is produced in the thinnest place of hinge. In order to ensure the hinge will not failure in use, stress analysis must be done, so the maximum stress the flexible hinge produced must lower than the yield stress of material, the safety coefficient must is greater than 1. Fig.9 is the stress distribution when flexible hinge achieves the maximal displacement, the maximum stress is σ m =140.32MPa, the yield stress of material is σ s =300M. The safety coefficient is:
The Modal Analysis. In order to avoid in destruction caused by the resonance, the modal analysis of the structure must be done. Fig.10~11 indicate the first two order modes that is obtained by modal analysis. Data are shown in table 2. After analysis, it can be known that the direction of first order modal is the tool feeding direction in actual work, namely the Y direction, the modal frequency for f1 = 583.58 Hz. Therefore, the working frequency should be far way from 583.58 Hz. 
FTS Performance Test
The developed FTS is shown in fig.12 , and the test block diagram of its static and dynamic performance is shown in fig.13 . The XE517 made by Harbin XMT has been chosen as the power supply that can provide single point voltage, and also provide different waveform frequency voltage. Main test parameters of the FTS performance are including stiffness, relationship between voltage and displacement, and movement frequency response. During testing, a force sensor is placed between the piezoelectric ceramic and the FTS frame so as to measure the force borne by the FTS frame when the driver is switched on. And the FTS's displacement and static/dynamic characteristics are measured by a laser interferometer. Stiffness test. The load on FTS is changed by incenting different single point voltage on piezoelectric ceramic, a laser interferometer is used to measure tool displacement under different loading, a force sensor is used to measure the required push force under different displacement. In a series of tests, when the FTS's deformation is 60 microns, the push force is 198.1 N, the stiffness of FTS is K=3.302, Compared with the finite element analysis results, the error is 7.6%. Frequency response test. In the testing of frequency response, sine wave voltage is input to the piezoelectric ceramic, the output displacement of the piezoelectric ceramic changes as the voltage change. The dynamic module of the laser interferometer is used to capture FTS's displacement. In order to ensure the piezoelectric ceramics is applied by positive voltage, the voltage is set 1/2 amplitude offset. In the process of test, the voltage of the power supply output is from low to high, and for every amplitude voltage, the frequency is also from low to high, it is obtained that the FTS's response frequency spectrum corresponding to different input amplitude. When the applied voltage is U=100V, the frequency is f =150Hz, the curve of FTS's displacement is as shown in fig.15 . Because of the piezoelectric ceramic are applied by positive voltage, the output displacement is also positive, therefore, the experiment data is recorded by fig.15 , the maximum displacement of the FTS is: A= (0.019818+0.019599) mm = 0.039417 mm = 39.417µm. The frequency response of FTS: f =150Hz, which meets the design requirements.
Conclusion Summary
In this paper a FTS with piezoelectric ceramic as driver and flexible hinge as parts has been developed through the theoretical design and simulation of finite element analysis. The test results shows that the FTS can realize the maximum displacement up to 60µm, the response frequency is up to 150Hz at about 39µm. The error between test and the finite element analysis is only 7.6%. So it can satisfy the demand of the project research.
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